Purpose: Electrode vibration elastography is a new shear wave imaging technique that can be used to visualize thermal ablation zones. Prior work has shown the ability of electrode vibration elastography to delineate radiofrequency ablations; however, there has been no previous study of delineation of microwave ablations or radiological-pathological correlations using multiple observers. Methods: Radiofrequency and microwave ablations were formed in ex vivo bovine liver tissue. Their visualization was compared on shear wave velocity and maximum displacement images. Ablation dimensions were compared to gross pathology. Elastographic imaging and gross pathology overlap and interobserver variability were quantified using similarity measures. Results: Elastographic imaging correlated with gross pathology. Correlation of area estimates was better in radiofrequency than in microwave ablations, with Pearson coefficients of 0.79 and 0.54 on shear wave velocity images and 0.90 and 0.70 on maximum displacement images for radiofrequency and microwave ablations, respectively. The absolute relative difference in area between elastographic imaging and gross pathology was 18.9% and 22.9% on shear wave velocity images and 16.0% and 23.1% on maximum displacement images for radiofrequency and microwave ablations, respectively. Conclusions: Statistically significant radiological-pathological correlation was observed in this study, but correlation coefficients were lower than other modulus imaging techniques, most notably in microwave ablations. Observers provided similar delineations for most thermal ablations. These results suggest that electrode vibration elastography is capable of imaging thermal ablations, but refinement of the technique may be necessary before it can be used to monitor thermal ablation procedures clinically.
I. INTRODUCTION
There is an increasing shift in cancer treatment towards minimally invasive procedures. In the liver, for example, small hepatic tumors have historically been removed via surgical resection, which is inherently invasive and not indicated for up to 80% of patients. 1, 2 New treatment procedures, such as radiofrequency (RF) and microwave (MW) ablation, offer a minimally invasive alternative for some primary and secondary cancers. [3] [4] [5] After initial success in the liver, thermal ablation is now routinely used to treat tumors in the kidney, 6, 7 lung, 8, 9 and bone. 10 Reliable imaging feedback is essential to monitor the treatment to ensure complete tumor destruction after any ablation procedure. Thermal ablations must encompass the entire tumor, as well as a surrounding safety margin of 4-10 mm. If this is not achieved, tumor recurrence is more likely. 11 Unfortunately, studies have shown ambiguity in differentiating ablated, untreated malignant, and untreated normal tissue when monitoring thermal ablation procedures with ultrasound, computed tomography (CT), or magnetic resonance imaging (MRI). 12, 13 Traditional ultrasound is typically used to guide the ablation needle into the pathological target 13 but is a poor predictor of ablation extent during the ablation procedure. 14 Following treatment, the ablation zone does not exhibit consistent echogenic properties. 15 CT is capable of delineating thermal ablations within 2-3 mm; however, this is less applicable in real-time, and there are concerns with exposing the patient to ionizing radiation. MRI offers performance similar to CT, but scanners are often not readily available, and special MRI-compatible thermal ablation needles are required. 13 Developing new imaging modalities is essential to improving existing thermal ablation treatments, as well as extending ablation therapy to new applications.
Several ultrasound elastography modalities, techniques that image tissue stiffness, may hold promise in monitoring thermal ablation therapies. Tissue heating during ablation procedures leads to protein denaturation and tissue desiccation, increasing the Young's Modulus (i.e., stiffness) of the tissue. 16 In addition, many cancers exhibit increased stiffness with respect to the surrounding background. 17, 18 Sonoelastography has been used to delineate high-intensity focused ultrasound (HIFU) and RF ablations ex vivo. 19 Electrode displacement elastography has shown good inclusion delineation in phantoms, ex vivo liver RF ablations, and in vivo RF ablations. [20] [21] [22] Acoustic radiation force imaging (ARFI) has been used to image preablation malignancies and postablation thermal lesions. 23 Techniques that estimate the Young's Modulus may provide a more direct measure of tissue stiffness. Good ablation zone visualization has been demonstrated in vivo by reconstructing the relative elastic modulus from RF ablation strain fields. 24 Supersonic shear imaging (SSI) has shown success delineating HIFU ablations in muscle and liver tissue at shallow depths (<30 mm). 25, 26 Mechanical needle vibration is useful for generating shear waves deeper in tissue. 27 Electrode vibration elastography (EVE), a recently developed technique, uses transient needle vibration to estimate shear wave velocity of the treated tissue formed around a RF electrode or MW antenna. 28 EVE shows promise, as it uses a mechanical vibration source, i.e., the ablation electrode or antenna that is already being utilized during the clinical procedure. However, an extensive investigation of the feasibility of visualizing thermal ablation zones with this technique has not been conducted. A comprehensive study is necessary to evaluate how effectively EVE portrays the ablation zone. Additionally, previous studies have primarily focused on visualizing RF ablations. MW ablation is an emerging thermal ablation technique that is capable of generating greater temperatures and larger desiccation zones in tissue, 29 which may influence stiffness distribution. In this study, we investigate radiological-pathological correlations in RF and MW ablations on shear wave velocity images, maximum displacement images, and a combination of the two viewed concurrently to gain a better understanding of how shear wave imaging portrays the ablation zone.
II. MATERIALS AND METHODS

II.A. Ex vivo experiments
Thermal ablations were formed in fresh ex vivo bovine liver tissue obtained from a local slaughterhouse. Bovine liver tissue was roughly cut into 8 cm cubes, which were placed into acrylic boxes. Molten beef hide gelatin was poured around the tissue cubes. Thirteen RF ablations were formed in liver samples from different animals using a Cool-tip TM RF ablation system (Valleylab; Boulder, CO) and a 1.5 mm (17 gauge) RF electrode with 2 cm active length. The electrode was inserted approximately 5 cm into the liver, and power was applied for one to three minutes using the RF generator's impedance-controlled power pulsing algorithm to form ablations ranging in size from roughly 15 mm × 15 mm × 25 mm to 25 mm × 25 mm × 35 mm. Additionally, 14 MW ablations were formed in liver samples from different animals using a 2.45 GHz MW generator and prototype dual-slot MW antenna approximately 2.2 mm in diameter (14 gauge). The power was set to 45 W and applied for 1-3 min to form ablations similar to those created using the RF generator. All ablations were imaged within 10 min of ablation formation using traditional B-mode imaging and EVE. 28 Following data acquisition, fiducial markers were inserted into the imaging plane on both sides of the transducer, and the ablation was sliced through this plane and photographed.
II.B. Electrode vibration elastography
EVE was performed as previously described. 28 Shear waves were generated using a piezoelectric actuator (Physik Instrumente (PI) GmbH & Co. KG, Karlsruhe, DE) that was attached to the RF electrode or MW antenna. The thermal ablation needle was transiently vibrated with a 100 μm amplitude Gaussian-shaped perturbation 10 ms in duration in the positive z direction (i.e., towards the transducer), and the shear wave generated by the needle motion was tracked using an Ultrasonix SonixTOUCH scanner and L14-5/38 transducer (Ultrasonix Medical Corporation; Richmond, BC, Canada).
High frame rates are needed to track shear wave motion through the transducer's field of view. Frame rates on the order of 1000-5000 Hz have been accomplished with plane wave insonification. 30 However, our scanner did not have this capability. In order to get the high frame rates necessary for shear wave tracking, we sequentially scanned five adjacent locations on the transducer for a single perturbation to track shear wave motion, similar to the methods employed by Palmeri et al. 31 See DeWall et al. 28 for a diagram of the firing sequence. Following a perturbation and tracking sequence, the needle was perturbed again, and the adjacent five locations were tracked. This process was repeated across the face of the transducer.
II.C. Shear wave velocity reconstruction
Shear wave velocity was reconstructed using the time-topeak algorithm. 31 Displacements were estimated using onedimensional cross correlation on the radiofrequency data acquired during the thermal needle vibration to track shear wave propagation through the ablation and into the untreated background. The time-to-peak displacement was estimated and used to estimate shear wave velocity. 31 We assumed bidirectional wave propagation, 32 i.e., both axial and lateral gradients were estimated using a five point least-squares fit, and both gradient images were compared on a pixel-by-pixel basis. The larger of the two gradients was the assumed wave propagation direction and was used in a combined gradient image. Taking the inverse of the combined gradient image yielded the shear wave velocity image. Additionally, a maximum displacement image was generated, which represented the maximum displacement of the shear wave at each pixel location.
II.D. Measurement of thermal ablation zone
Thermal ablation zones were manually segmented on elastographic and gross pathology images. Three independent observers delineated the RF and MW ablations on shear wave velocity and maximum displacement images using ImageJ (Wayne Rasband; National Institutes of Health). Shear wave velocity and maximum displacement images were also used simultaneously to delineate the ablation using the ImageJ Sync_Win plugin to evaluate whether using information from both images provided more accurate ablation delineation. Gross pathology was delineated by visual inspection of an image of the ablation slice by consensus of all observers to provide a "ground truth" ablation representation. Observers looked for the sharp transition in tissue color that occurs at the boundary between ablated and untreated tissue. All three observers were biomedical engineers who are active in thermal ablation research.
Gross pathology images were registered to elastographic imaging following delineation by maximizing the similarity between the two segmented regions. First, the centroids of the elastographic image mask and gross pathology mask were estimated and aligned. Following this, the gross pathology mask was rotated and translated in the x and y directions until the similarity between the two images was maximized. Finally, the registered gross pathology image and image mask were saved for comparison with elastographic imaging, as described below.
The observers completed manual segmentation of elastographic images using the following instructions. First, the observers were instructed to delineate RF and MW ablations using shear wave velocity images, based on high shear wave velocity contrast. Previously described examples of artifacts that may occur above and below the ablation or near blood vessels within the ablation were also provided. 28 Second, the observers were instructed to delineate the ablation from maximum displacement images, which were randomized when compared to the shear wave velocity images. The instructions stated that a 100 μm perturbation motion was used. Third, the observers were given corresponding pairs of shear wave velocity and maximum displacement images, and a single delineation was made using both images. The images were synced using the Sync_Win plugin in ImageJ. The boundary trace appeared on both images and was adjusted until the observer felt that it best represented the combination of the information contained in both images.
Image masks were saved for further analysis. The ablation area was estimated using the ImageJ polygon tool, and the short and long axes were visually estimated using the straight line tool, passing the line through the centroid of the elliptically shaped ablation. The correlation between elastographic imaging and gross pathology dimensions was quantified using the Pearson coefficient.
Radiological-pathological overlap and interobserver variability were quantified on shear wave velocity, maximum displacement, or combined shear wave velocity and maximum displacement segmentations. The overlap, or Jaccard index, is
where A and B are the imaging modality area and pathology delineations of a particular observer, respectively. The observer overlap was calculated for all image sets as
where X, Y, and Z represent the segmentations of all three observers on a given modality image (e.g., segmentations of all Tables I and II , and IV for estimates of overlap with gross pathology, interobserver variability, and absolute and relative differences between elastographic imaging and gross pathology, respectively.
three observers on a particular shear wave velocity image). The Dice's coefficient (s), a similarity measure, 33 was used to investigate radiological-pathological variability and interobserver variability and is given by
Representative examples of good and poor agreement between elastographic imaging and gross pathology are qualitatively presented in Figs. 1 and 2 , and 6.
III. RESULTS
Shear wave velocity and maximum displacement images generated using EVE were similar to those previously reported. 28 Good lateral boundaries were observed, but some ambiguity was present above and below the ablation zone. The appearance of the ablation interior in both shear wave velocity and maximum displacement images was also influenced by inhomogeneities such as fissures and blood vessels. Figure 1 Tables I and II , and IV for estimates of overlap with gross pathology, interobserver variability, and absolute and relative differences between elastographic imaging and gross pathology, respectively.
consistently by all three observers for shear wave velocity, maximum displacement, and gross pathology images. A representative MW ablation is shown in Fig. 2 . Average Dice's coefficients for overlap between elastographic images and gross pathology and interobserver variability are presented in Tables I and II , respectively, and were similar for RF and MW ablations.
A comparison of thermal ablation areas on elastographic imaging and gross pathology is presented in Fig. 3 . Elastographic imaging and gross pathology area estimates correlated better in RF than in MW ablations, as listed in Table III . Pearson coefficients were 0.79, 0.90, and 0.85 for RF ablations versus 0.54, 0.70, and 0.80 for MW ablations for shear wave velocity, maximum displacement, and combined images, respectively. The mean relative differences be- Investigation of ablation dimensions revealed further differences between elastographic imaging and gross pathology in RF and MW ablations. Short axis estimates for elastographic imaging and gross pathology are presented in Fig. 4 . For both RF and MW ablations, short axis estimates from maximum displacement images correlated more closely to gross pathology than short axis estimates from shear wave velocity images. The mean relative difference between elastographic imaging and gross pathology for RF and MW ablations was 18.6% and 16.3% on shear wave velocity images, 8.7% and 14.2% on maximum displacement images, and 19.7% and 17.5% on combined images, respectively, as listed in Table IV . A comparison of long axis length estimates is presented in Fig. 5 . Long axis estimates were more variable among observers on shear wave velocity images than on maximum displacement images.
A series of images showing an ablation with inconsistencies between elastographic imaging and gross pathology is shown in Fig. 6 . Shear wave velocity and maximum displacement images indicate a much longer ablation than delineated on gross pathology. However, white arrows indicate a region on gross pathology in Fig. 6(d) that may have been treated. The black arrow indicates a blood vessel, which presents as an artifact in the shear wave velocity image.
IV. DISCUSSION
In this study, we investigated the feasibility of using EVE to visualize thermal ablation zones and sought to understand differences in RF and MW ablation visualization. Ablation dimensions on elastographic imaging and gross pathology were correlated, elastographic imaging and gross pathology similarity was estimated, and interobserver variability was quantified. Correlation statistics demonstrated a correspondence between elastographic imaging and gross pathology, and similarity measures showed that observers delineated ablations comparably. Artifacts influenced ablation representation on elastographic images. This study has provided further understanding of the representation and observer interpretation of RF and MW ablated regions on elastographic images created using EVE. Observers were asked to delineate RF and MW ablations using elastographic images. Shear wave velocity images provide a measure of material stiffness, given that the material is nearly incompressible and isotropic. If these conditions are met, then the shear wave velocity is proportional to the Young's Modulus of a material. Soft tissue is primarily composed of water, making incompressibility a valid assumption. Isotropy is violated in the case of thermally ablated regions, as tissue density and stiffness change relative to untreated tissue following ablation. 34 In addition, wave reflections can affect wave speed estimation. 35, 36 This may make stiffness estimation of thermal ablations with shear wave imaging qualitative, as with strain imaging. The maximum displacement images show the maximum shear wave displacement, which is greatest at the perturbation source (i.e., the electrode) and decays as the wave propagates through the tissue. Our observations show that the wave decays slowly within the ablated region and more rapidly in untreated tissue, which may result from changing tissue properties caused by protein denaturation, tissue dehydration, and stiffness increases associated with thermal ablation. 28 In addition, wave reflections can cause a substantial decrease in wave amplitude as the wave travels from a stiff medium (i.e., the ablation) to a softer one (i.e., the untreated tissue). 37 Ablation dimensions estimated from elastographic imaging and gross pathology were correlated, but correlations were lower than prior studies using elastic modulus imaging (EMI) on RF ablations 24 and SSI on HIFU ablations. 25 In the case of EMI, Jiang et al. determined Pearson coefficients of 0.85 and 0.95 for strain imaging and EMI area estimates, respectively. As listed in Table III , we obtained correlation coefficients of 0.79, 0.90, and 0.85 for RF ablations and 0.54, 0.70, and 0.80 for MW ablations for shear wave velocity, maximum displacement, and combined images, respectively. Short and long axis correlations were also lower, as listed in Table III . The lower correlation that we obtained may result from FIG. 3 . Comparison of area estimates from shear wave velocity or maximum displacement to gross pathology for RF and MW ablations. Analysis of ablation area from (a) shear wave velocity images, (b) maximum displacement images, and (c) a combination of both images. Better correlation was observed between elastographic imaging and gross pathology for RF ablations, as listed in Table III. TABLE III Note: Mean differences are presented as mean ± standard deviation. Abbreviations are as follows: SWV = shear wave velocity, Max Disp = maximum displacement, Comb = combined, SA = short axis, LA = long axis.
FIG. 4.
Comparison of short axis length estimates from shear wave velocity or maximum displacement images when compared to gross pathology for RF and MW ablations. Shear wave velocity images tended to underestimate gross pathology short axis length in (a) with increasing short axis length. The discrepancy between maximum displacement and gross pathology was less in (b). The trend in (c) using a combination of shear wave velocity and maximum displacement images is similar to (a), using only shear wave velocity images.
FIG. 5.
Comparison of long axis length estimates from shear wave velocity or maximum displacement images when compared to gross pathology for RF and MW ablations. Shear wave velocity images tended to overestimate long axis length compared to gross pathology in (a) . This discrepancy was lower using maximum displacement images or a combination of shear wave velocity and maximum displacement images in (b) and (c). Tables I and II , and IV for estimates of overlap with gross pathology, interobserver variability, and absolute and relative differences between elastographic imaging and gross pathology, respectively.
artifacts in the images that can be caused by blood vessels or fissures within the ablation, wave reflections, or the ablation needle itself. In the case of SSI, the correlation was 0.95 for 5 HIFU ablations. 25 However, these ablations were formed in chicken muscle, the method of energy deposition was different (HIFU vs RF or MW), and the ablation sizes did not overlap with the present study (∼5-10 mm wide vs ∼15-30 mm wide), making direct comparison impractical.
Area estimated from shear wave velocity or combined images trended towards underestimating gross pathology as ablation size increased, as shown in Fig. 3 . This is consistent with a prior study using external compression elastography. 38 An explanation for this observation may be the energy deposition method. For smaller ablations, the energy deposition is more homogenous. As the ablation size grows, energy deposition is more diffuse on the ablation perimeter, resulting in a softer ablation periphery. This phenomenon has been quantified via dynamic indentation 34 and may explain increases in area underestimation with increasing ablation size. The dynamic range of the image may alter ablation appearance because of the large difference in stiffness between the ablation center and periphery. Logarithmic or power-law compression may also provide better visualization. In this study, ablations were not delineated with a compressed shear wave velocity scale, but this may be beneficial for future studies. Wave reflections may also play a role. However, in our previous work in homogenous phantoms, reflections caused high shear wave velocity artifacts on the inclusion periphery but no change in the inclusion area. 28 We investigated ablation representation further by estimating short and long axis lengths in all images. As shown in Figs. 4 and 5, on elastographic images, the short axis typically underestimated the short axis on gross pathology, whereas the long axis typically overestimated the long axis on gross pathology. As with area, short axis underestimation on shear wave velocity images was worse for larger ablations, which may indicate a softer periphery resulting from decreased energy deposition. The overestimation of the long axis length on shear wave velocity images is likely the result of artifacts above and below the ablation. 28 This is corroborated by the variability of the long axis estimates, which was much greater than that of the short axis (i.e., lateral boundaries) estimates. Absolute differences for short and long axis estimates were under 5 mm, or 2.5 mm margins, which is smaller than the minimum acceptable margin of 4 mm often used clinically. 39 In a future study, the ablation boundary may be more accurately estimated on gross pathology by performing EVE in an in vivo model and staining ablated volumes for cell viability to evaluate cell death. 34 However, EVE as described is prone to motion artifacts because of the sequential scanning employed. 28 Plane wave insonification and a parallel-receive device would sufficiently increase the acquisition speed to perform in vivo experiments. 40 Hepatic blood vessels influenced ablation representation on shear wave velocity images. As shown in Fig. 6(b) , the low shear wave velocity artifact produced by the blood vessel decreased the apparent extent of the ablation. However, the observers did delineate the region with the blood vessel in the maximum displacement image in this particular example. Another interesting observation is that both shear wave velocity and maximum displacement delineations include a stiff region below the observer delineations on gross pathology. There is a subtle lightened color below the ablation delineations in Fig. 6(d) indicated by the white arrows, which may be a region that was treated by hot gases escaping the ablation core through blood vessels.
In this study, we have investigated RF and MW ablations as represented on shear wave velocity and maximum displacement images created using EVE. Lateral margins were more consistently delineated than axial margins because of artifacts present above and below the thermal ablations. Area underestimation was consistent with prior studies, and it may be the result of either low mechanical contrast or wave reflections on the ablation periphery. Observers also delineated lesion boundaries comparably. Although EVE in its current form has limitations, understanding ablation representation on shear wave velocity and maximum displacement images will lead to improvements in the technique. Future developments to EVE may improve physician confidence during ablation procedures, increasing the likelihood of complete treatment, lowering the rate of tumor recurrence, and potentially leading to new applications of thermal ablation therapy.
